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SECTION 2. PUBLIC SUMMARY: Spruce-fir forests and associated bird species are
recognized as some of the most vulnerable ecosgsenhspecies to the impacts of climate
change. This work capitalized on a rich suite ofglderm data from these ecosystems to
document recent trends in these forests and theacsated bird species and developed tools for
predicting their future abundance under climatengea Findings from this work indicate
declining trends in the abundance of spruce-firgatdé birds, including Bicknell’'s Thrush,
across the Lake States and New England. In cantmasitane spruce-fir forests in the White
and Green Mountains of New England exhibited pasteff increasing abundance, potentially
due to their recovery from the negative impactiisforic land use and pollution. Despite these
recent trends, long-term predictions of future atancte for the dominant species found in
spruce-fir forests (black, red, and white sprucg lassam fir) indicated large declines in these
species from across much of the northeastern USitatks by the year 2090. Several areas were
recognized where these forests might persist, daetuhigh elevation portions of NH, NY, and
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VT and in large portions of northwestern ME. An arstanding of these future dynamics is
critical for informing and prioritizing conservaticefforts aimed at protecting these ecosystems
and associated wildlife species under future clemdtange and speak to the importance of
sustaining long-term monitoring efforts to asdisse decisions.

SECTION 3. PROJECT SUMMARY: Eastern spruce-fir forest ecosystems are among the
most vulnerable to climate change within the coteous US. The goal of this project was to
develop tools to identify refugia sites most likeébysupport spruce-fir forest and its associated
high-priority obligate spruce-fir bird species otiee long-term under projected climate change
scenarios. Specific research objectives inclu@Bdproducing high-resolution (temporal and
spatial) projections of spruce-fir forests, inchuglistand characteristics like structure and
composition; (2) estimating future changes in tistridbution, productivity and stand
characteristics of the spruce-fir forest type dupdtential changes in climate; (3) comparing the
distribution and condition of spruce-fir forest fdifferent climate change scenarios to identify
areas with key physiographic settings likely tosup refugia for this forest type; (4) modeling
bird occurrence, distribution, nesting phenologg productivity as functions of climate and
these modeled values for forest structure and csitipo; (5) linking these bird-habitat models
to projected climatic and forest conditions to peetuture bird occurrence, distribution and
nesting phenology and productivity across the megamd (6) identifying areas with the greatest
richness of priority bird species across climatnseios. These objectives were accomplished
using long-term vegetation, bird, and remote sendata from spruce-fir forests across the
Northeast and Great Lakes regions to predict thediextent and condition of spruce-fir forests
and associated avifauna. In particular, we combitepoint count datasets, controlling for
differences in protocol and detection probabilitegstimate regional trends for 14 spruce-fir
forest bird species across the study region. litiadd 25 long-term vegetation datasets and
Landsat imagery from 1991-2010 were used for d@wetpspecies distribution models for
predicting climate impacts on future habitat sultgbfor spruce-fir species and for evaluating
recent dynamics in the location of the montanespfu ecotone. Finally, maps of
contemporary forest conditions were developed lmglining field observations and Landsat
imagery and will be central to future work focusedmodeling the distribution of spruce-fir
ecosystems and associated bird species underediffelimate change and management
scenarios.

Climate-envelope models for bladRi¢ea mariana), red Picea rubens), and white spruce’{cea
glauca) and balsam firAbies balsamea) were developed by integrating cross-kayrdhta

sources (US and Canada) as well as pre-settlememntds of the occurrence of these tree species
across the region. Projections of the future ithistion of suitable habitat for these species made
under RCP6 scenarios using only contemporary defgest an almost complete loss of suitable
habitat for these species from the northeastertedr8tates by 2090, whereas models built with
the inclusion of historic data suggest refugia raaigt in the high elevations of ME, NH, NY,

and VT and high latitude regions of these statesni@on climate variables across species for
predicting their future distribution reflected theeference for colder climates and wet weather
concentrated in the winter months.

Evaluations of the historic location of the ecoldmaundary between high elevation spruce-fir
and northern hardwood forests in NH and VT alsceustbred the importance of accounting for



historic dynamics in these systems as we anticigat@ate change impacts. In particular,
assessments of the location of this boundary fré@il1o 2010 indicate the upper and lower
boundaries shifted downward at rates that averay&cand -2.0 m/yr respectively, in the Green
Mountains, and a mean downward trend of -1.3 mi'yh@ upper boundary and no movement of
the lower boundary in the White Mountains. Thesdihgs are in contrast to broad projections
of upslope migration of the ecotone and likelyeeflrecovery of spruce-fir systems from
historic land use and atmospheric deposition ingact

Our analyses indicated that four bird species damed as ecological indicators for this
community, Bicknell’s ThrushGatharus bicknelli), Magnolia Warbler $etophaga magnolia),
Blackpoll Warbler Getophaga striata) and Yellow-bellied FlycatcheE(mpidonax flaviventris),
each exhibited significant declines. Olive-sidegcBtcher Contopus cooperi), a species of
concern in parts of its range, and two additiopaicges for which no previous concern existed,
the Evening GrosbeakCccothruastes vespertinus) and the Gray JayPérisoreus canadensis),
each also showed significant overall declines. Bweof nine species with sufficient data for
analyses from Northeast and Great Lakes surveyseshsignificant differences in trends
between these regions. Spruce-fir obligate sp&osee more likely to decline significantly than
species that use spruce-fir in addition to othditaatypes. These results demonstrate the value
of combining disparate data sources for analyzaggonal patterns of population trends to
confirm and extend conservation concern for soneeisp and identify others for which
additional attention may be needed.

Overall, this project has confirmed the vulnerapitf spruce-fir ecosystems and associated bird
species in demonstrating significant, regional idesl of several obligate bird species and
projected losses in future habitat under clima@nge for the dominant tree species constituting
these forests. The integration of long-term datasgd our examination of these populations and
ecosystems allowed for the detection of importamtadnics that may have been obfuscated if
only contemporary trends were interpreted. Inipaldr, climate envelope models developed
from contemporary forest inventories and histoocaants of spruce-fir occurrence indicate that
important refugia for this forest habitat may existipper elevation and high latitude areas in
northern New England and New York. Similarly, @d@&erizations of recent spruce-fir ecotone
dynamics in Vermont and New Hampshire demonstrdteehslope movement of these
ecosystems over the past several decades; a fimddigect contrast to broad-scale projections
for these forest ecosystems. Collectively, theséifigs underscores the importance of
accounting for the broad suite of factors affectimg current and future distributions of forest
habitat conditions and associated wildlife speaieen making projections of the impacts of
future climate change. Moreover, the identificatal landform and landscape settings where
climate refugia are expected to exist, includinghhelevation and high latitude areas and north-
facing slopes, suggests that conservation effodslg continue to protect these areas from
incompatible land uses. Future phases of this walilgenerate fine-scale maps of future
spruce-fir refugia that account for the complexityiophysical conditions and disturbance
processes that influence the distribution of thipartant forest type and its associated species
across the study region.



SECTION 4. REPORT BODY:

Purpose and Objectives

The overall purpose of this project was to devetmds and datasets to assist the identification of
refugia sites most likely to support spruce-firdsirand its associated high-priority obligate
spruce-fir bird species over the long-term undejguted climate change scenarios. The
communities this project serves are resource masage planners in the forest and wildlife
conservation fields. Specific, original researcfeotives for this project were: (1) producing
high-resolution (temporal and spatial) projectiofispruce-fir forests, including stand
characteristics like structure and composition;g&)mating future changes in the distribution,
productivity and stand characteristics of the sp+ficforest type due to potential changes in
climate; (3) comparing the distribution and coratitof spruce-fir forest for different climate
change scenarios to identify areas with key physiggic settings likely to support refugia for
this forest type; (4) modeling bird occurrencetriisition, nesting phenology and productivity
as functions of climate and these modeled valueffest structure and composition; (5) linking
these bird-habitat models to projected climatic fomdst conditions to predict future bird
occurrence, distribution and nesting phenology@ediuctivity across the region; and (6)
identifying areas with the greatest richness adnits bird species across climate scenarios.

Given the broad geographic region addressed wighptioject and the complexities associated
with generating the fine-scale characterizationfordst conditions necessary for predicting
refugia, the original six study objectives were iified. Objective 1 was modified to only focus
on generating high-resolution maps of current astbhc forest structural and compositional
conditions for use as initial starting conditions éngoing and future modeling exercises
predicting future habitat under climate change jeGtives 2 and 3 were modified to focus
specifically on the dominant tree species founspruce-fir ecosystems. Objectives 4-6 were
highly dependent on the outcomes from the firgelobjectives and given the time required to
generate outputs we modified these final threeabivge to capitalize on the rich suite of long-
term bird data collected as part of this projeks. such, Objectives 4 and 5 focused on
evaluating long-term population trends in sprucesfiligate birds to describe regional variation
in population trends and to develop and refine atemiche models for these bird species. The
resultant models from these objectives will ultiglpte applied to the maps of future spruce-fir
conditions being generated from this project alloyior assessments of the areas with the
greatest richness of priority bird species (origi@bjective 6, which was eliminated due to
length of time required to achieve Objective 1)spite these modification, the work proposed
under the original six objectives is currently omgpwith additional results expected over the
next six months.

For Objective 1, we developed a new approach fedipting and mapping forest structural and
compositional conditions across our study areasgugmote sensing and topographic data.
During development of this approach, we also clpéd on historic Landsat and forest
vegetation data to characterize the dynamics oftamenspruce-fir ecotones in NH and VT and
documented widespread downslope movement of thi®eal boundary despite predictions of
predominantly upward movement under climate chakRgeObjective 2, we assembled 25 long-
term forest vegetation datasets into a single @a&kbo develop species distribution models for
black, red, and white spruce, and balsam fir adktiSsNH, NY, VT and eastern Canada. These



models were used to project future abundance sktbpecies based on the ENSEMBLE RCP6
with projections indicating a loss of suitable Habacross much of New England and New York
by 2090. Examination of these projected shifts ui@lgective 3 indicated refugia for these
species in higher elevations in NH, NY, and VT amthrge portions of northwestern ME.

For Objectives 4 and 5, 16, long-term point cowathdets from across the Lake States and
northeastern United States were assembled andarsestimating regional trends for 14 spruce-
fir forest bird species and developing climate eiamodels. Findings under Objective 4
confirmed population declines for two species pyasly recognized as species of concern,
Bicknell's Thrush and Olive-sided Flycatcher, adhas five additional species, Gray Jay,
Yellow-bellied Flycatcher, Magnolia Warbler, BlackpWarbler, and Evening Grosbeak.
Objective 5 generated comparisons of climate niarkadth and distribution for these species
based on published population trends and demoedtthat changes in both realized climate
niche breadth and distribution were significanthygl gositively associated with North American
Breeding Bird Survey trends in abundance.

Organization and Approach:
Predicting and mapping forest species composition from multi-season Landsat data and
topographic indices (Objective 1)

A central, long-term goal of this project is prdjag changes in the distribution of montane
spruce-fir forest in New England under differeningte change scenarios through the year 2100
using the landscape simulation model, LANDIS-IIdtose these scenarios (Objective 1).
Landscape simulation models require maps of inidigdst conditions from which to simulate
changes in response to processes of successiampdisce, and climate change. Simulations of
future conditions are highly dependent on initahditions and thus require accurate maps of the
spatial distribution of forest species and agesréi approaches generating maps that
realistically reflect the distribution of tree spExrange from random imputation of forest plot
data within landtypes defined by soils and topobmatandforms (Landscape Builder,
Dijak,2013) to multivariate analysis of hyperspattatellite data (Foster & Townsend, 2004,
Young, et al., 2006) or multi-temporal Landsat Tktal(Wolter et al., 1995, Wolter &
Townsend, 2011). For this project, we were spadiffanterested in where potential refugia for
spruce-fir forests may develop in the Green andt®iountains of VT and NH and this focus
demands maps of current species abundance thahlgvepatial resolution and accuracy.

We developed a new approach that assigns forestipto classes based on how similar they are
in both below-canopy measures of species abundandegabove-canopy measures of image
reflectance, simultaneously. We derived forest camity types from a combination of below-
canopy forest inventory data and above-canopy messi seasonal leaf reflectance. We used
Canonical Linear Discriminate Analysis and hier&zahagglomeration to cluster classes based
on the (dis)similarity in canonical variates. Owagwas to derive community classes that are
both useful to forest managers, but that also aftmvihe most accurate class prediction and
mapping from remote sensing and topographic data.

To train our forest classification, we used fosgand-exam inventory data (FVS) from the
Green Mountain National Forest, and Landsat TMllgatelata from multiple dates and seasons



to capture species-specific differences in phenol@uir collaborators at the Green Mountain
National Forest provided us with tree-level plotador 21,687 inventory plots measured
between 1976 and 2013. Forest plots only inclugsygaphic coordinates starting in 2007. This
limited our training data to 1612 georeferenceceitery plots.

As we developed our forest classification and magipproach, it became apparent that high-
elevation spruce-fir forests were undersampletiéngeoreferenced FVS forest inventory data.
As mapping these forest types is crucial to oueaesh questions, we incorporated additional
plot data from the Mountain Bird Watch (MBW) datag®t sampled high-elevation sites
throughout New England. The inclusion of MBW d&aZ additional plots in the Green
Mountains) allowed us to capture detailed diffee=nimn montane forest species composition,
including changes from balsam fir dominance athilghest elevations, to mixes of red spruce,
yellow birch and sugar maple at the spruce-fir/terafe forest ecotone. These variations are not
captured by any existing forest classification migpghe region.

Predicting future changes in the distribution of the spruce-fir forest type due to potential changes
in climate and identifying potential refugia (Objectives 2 and 3)

Twenty five long-term vegetation data sets reprixsgh0,493,619 observations on 248,821
plots were collected to provide details about thhetemporary distribution of the dominant tree
species in spruce-fir ecosystems and allow focctrestruction of climate envelope models
(Appendix A). The data collection period spannexaifrl955 to 2012, with the majority
collected after 1980 (85%). In addition to thesetemporary data, 1,342 historical tree
observations from 778 plots were obtained fromtalsse maintained by Charles Cogbill
(Coghill, 2000). This data was originally collecteetween 1623 and 1869 and represents tree
composition at the time of European settlemenh@&New England states and New York.

Climate data for developing climate envelope mouels collected from Moscow Forest
Science Laboratory climate database available emirhttp://forest. moscowfsl.wsu.edu/climate/
(download date 05 January 2014). Climate data wasetl by applying thin-plate smoothing
spline procedures that extrapolate data from diseseather stations to specific plot points with
corresponding elevation (Rehfeldt, 2006). Curréimate data was normalized for a thirty year
period (1960-1990) and was based on weather stdsitanfor about 15,000 locations for
precipitation and 12,000 for temperature (JoyceRekifeldt, 2013).

Topographic variables were used to model speciesrmnce and abundance in order to capture
discrete landscape features that influence spedjgsimics and life history outcomes, and also
to capture effects that terrain features might ravenicroclimate. Elevation, slope, and aspect
data were collected, if available, from the origidata source. If not available, elevation data
was extracted from the 30 m resolution nationalaien dataset (NED) generated by the United
States Geological Service (USGS) available at Mipwer.nationalmap.gov/viewer/ (download
date 12 February 2013) and from the 30 m resoludigital elevation dataset made available
through the Canadian Council on Geomatics (CCOGilable at
http://www.geobase.ca/geobase/en/find.do?produgig¢download date 3 March 2014). Slope
and aspect were derived from the NED using thergstckage (Hijmans, 2014) available
through R statistical software (R Core Team, 20EB)e additional topographic indices were



derived from the NED using the System for Automagsbscientific Analyses (SAGA)

(Brenning, 2008), including a topographic wetnestek, a convergence index, a terrain index, a
topographic openness index, and site curvaturesdfaariables were assumed to capture effects
not reflected in the climate variables such asdmiinage, exposure, and solar radiation profiles.

The random forest method was used to constructespspecific presence/absence models with
and without historical tree data to evaluate dédferes with the inclusion of this data. All models
were constructed using the random forest algorihianw and Wiener, 2002) available in R (R
Core Team, 2013). Mapped predictions of futurerithstions for spruce and fir species in
northeastern North America were generated usinguitygut of the random forest predicted over
different climate landscapes in the years 20300286d 2090. Mapping was based on 0.00833°
(~1 kn¥) grid and generated with the raster package (Hipna014) in R. Future landscapes
were acquired for each important variable throughMoscow Forest Science Laboratory’s
climate database. The ENSEMBLE representative careteon pathways 6 (RCP6) scenario,
generated in affiliation with the IPCC was usedai@cast future suitable habitat. Different
RPCs were created by analyzing varying predictegsraf radiative forcing, as well as
greenhouse gases emission rates and concentriaidhs year 2100 (Stocker et al. 2013).

Evaluating long-term trends in spruce-fir bird species and relationships between realized
climate niche breadth and distribution between 1980 and 2012 (Objectives 4 and 5)

Point count data were obtained from 16 monitorirggpams throughout the spruce-fir forest
zone of the Midwestern and eastern United Statigs {EAppendix B). Point counts occurred
from 1989 to 2013 and were standard single-obsgmieit count surveys. Given that point
count data varied across programs in count durasimvey radius, and number of distance
sampling categories, we employed the ‘QPAD’ metf®alymos et al., 2013a), which uses
removal (Farnsworth et al., 2002) and distance sagmBuckland et al., 2001) methods to
control for the effects of survey protocol in tretimation of detection probabilities. The
package ‘detect’ (Sélymos et al., 2013b) in progRawersion 3.1.2 (R Core Team, 2013) was
used to implement the QPAD approach and fit sudagg to nine removal and two distance
models.

Trends in abundance were calculated for each spao@ program using a nonlinear regression,
implemented in R, with equatidwh = ab’c, wherea is the intercept (abundance at first year of
program)b is the slope (trendy,is the survey year, ars an offset for the detection
probability (multiple ofp, g, andA) (King et al., 2006, King et al., 2008 and Soélynebsl.,

2013a). Trend estimates less than 1.0 indicatexpalation decrease, estimates greater than 1.0
indicated an increase, and trends equal to 1.@atelil a stable population. To estimate the
regional (Midwest and East) and overall (all progsatrends for each species we used an
approach similar to route regression (Geissler@euer, 1990 and King et al., 2006), and found
the weighted mearb) of program-level trends using the equation2(wibi). Relative program
weights (vi) were proportional to abundance at the midyedn@ijprogramg), length in years

of the programy(), and inversely by the variance associated wightitbnd estimatev. So,w; =
ci/2ci, wherec = ayyi/vi ( King et al., 2006). 90% CI were estimated fagiomal and overall

trends using bootstrap resampling as describedeabde concluded a significant difference in
the trends between Midwestern and Eastern regare $pecies if the 95% confidence intervals



around the difference between these trends didvertap with 0.00. We used Chi-squared tests
implemented in R to determine whether populatiends differed between migratory and non-
migratory species, or between spruce-fir ‘obligasesl ‘associates’. Changes in realized climate
niche breadth and distribution between 1980 an@ 2@dre estimated using data from the North
American Breeding Bird Survey (BBS) and standamagical niche modeling techniques. We
analyzed changes in niche breadth and distribuioelation to published population trends for
these species. Variance partitioning was usee@terchine the amount of variance in change in
niche breadth related to population trend.
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Figure 1. Location of bird point count surveys from Ralstdral. (2015). Dark gray shading is
the North American distribution of spruce-fir foresWhite circles in inset represent survey
locations used to fit detection models, but notlusdrend analyses because of insufficient data.
Black circles in inset are survey locations usettend analyses: CHIP = Chippewa National
Forest, MN; SUPR = Superior National Forest, MNCRI= St. Croix State Forest, MN;
CHEQ = Chequamegon National Forest, WI; ISRO =Raigale, MI; NNF = Nicolet National
Forest, WI; OTTA = Ottawa National Forest, Ml; WEWWildlife Conservation Society,
Adirondack Low Elevation Boreal Bird Surveys; MBWMermont Center for Ecostudies,
Mountain Birdwatch in Adirondacks (MBWadk), Cats&i(MBWcats), Green Mountains
(MBWwt), White Mountains (MBWnh), and Maine (MBWmea)}MPP = White Mountain
National Forest PermaPlot Surveys; WMNF = White ltain National Forest High Elevation
Bird Surveys. (See Appendix B for details on susjey

Project Results, Analysis and Findings:

Predicting and mapping forest species composition from multi-season Landsat data and

topographic indices (Objective 1)

The final classification mapped 25 forest commusitivith a satisfactory users accuracy (63% of
plots predicted correctly) considering the degriegpecies mixing (Figure 2). The models
predicted the high-elevation and conifer forest samities that are most important to our work
at high rates of accuracy ranging from 70-90%. [Bingest source of predictive errors occurred
due to confusion among plots that differed subtlynixtures of the most abundant deciduous
speciesA. saccharum, B. alleghaniensis andA. rubrum, which is understandable as these
species do not exhibit strong differences in leaf eanopy spectral reflectance or phenology.



buffer beyond forest boundaries). Colors repre&8rfbrest community types, including high-
elevation spruce-fir forest types shown in darkegrand blue tones. Black areas are un-modeled
landscape or non-forest landuse or water. Spasallution is 30 m x 30 m. Area is 1700%m

Other classes that were difficult to predict in@dddincommon mixes dominated Braxinus
ameriana, Prunus serotina, or young forest mixes dominated Ayrubrum. Canonical
Discriminant Analysis provides class membershigphilities that can be used to determine
fuzzy membership for plots that do not belong sitgto a single class. We incorporated



posterior membership probabilities to impute FV& gbecies and age information to the
mapped forest classes to create the initial fa@stmunity map for LANDIS-II. As part of our
simulation experiment, we will conduct a sensitivanhalysis that quantifies how dependent
simulation outcomes are on these initial conditiand will quantify the range of outcomes that
are possible under different fuzzy membership rulégse results will help quantify a persistent
source of uncertainty that propagates into formsti$cape simulation model output. We also
developed empirical relationships between biomadsbasal area for all 24 common species
using the GMNF FVS data (Figure 3). These relatiggeswill allow us and our collaborators to
compare forest structure data collected using asal with LANDIS-II simulation outputs that
are in biomass units. In addition, we developedgproach for generating climate and soils data
at the fine resolutions necessary for predictiriggi@ in these biophysically complex landscapes
(Appendix C).
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Figure 3. Plot-level basal area summarized by sgestrongly predicts species biomass, as
shown here. Species relationships shown here ia@higks balsamea (ABBA), Picearubra
(PIRU), Acer saccharum (ACSA3), andBetula alleghaniensis (BEAL).

Application of Landsat imagery collected across@reen Mountain and White Mountains
between 1991 and 2010 indicated that movementedbdineal (spruce-fir)-hardwood forest
ecotone varied, with the ecotone moving upwardamesslopes, downward on others or staying
stable (Fig. 4). Downward shifts occurred more tiefly than upward shifts. Ecotone edges on
56% and 42% of slopes (upper and lower edges, cegply) moved downward, while only 13%
and 15% of slopes had edges that shifted higheerv¢hanges in ecotone elevation were
summarized across mountain ranges, both the uppdoaer boundaries shifted downward at
rates that averaged -1.5 and -2.0 m, yespectively, in the Green Mountains, while ciflg

upper boundary in the White Mountains showed a ndeamnward trend of -1.3 m yr
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Figure 4. Distribution of changes in ecotone o 3 upperedge
elevation estimated for 170 individual slopes over © | & loweredge g
19 years between 1991 and 2010 (spring) for bot

the White and Green Mountains. Annual rates of . 3
elevation change show that the ecotone moved bg

up and down at local scales, and often remained 3 o _|
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according to Tukey’s HSD multiple comparison

tests were assigned to zero change. From Foster &
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Predicting future changes in the distribution of the spruce-fir forest type due to potential changes
in climate and identifying potential refugia (Objectives 2 and 3)

Area under receiver operator curve (AUC) valuegeanfrom 0.98-0.99 for models developed
for predicting the distribution of the dominant spe-fir tree species signifying these models
were excellent representations of their datas&tsoss models, the interactive effects of the
ratio of winter precipitation to growing seasongpéation and average temperature in the
coldest month was an important climate variablepf@dicting occurrence of black, red, and
white spruce, and balsam fir. These findings iatichat areas where winter precipitation
matches or exceeds growing season precipitatiomegach temperature in the coldest month is
lower than the average of the study area are deitedbitat for the species considered in this
analysis.

Maps of future habitat suitability generated frdmage models for the years 2030, 2060, and
2090 under the ENSEMBLE RCP6 model demonstratdtssiorth and east in suitable habitat,
with the eventual loss of almost all habitat faedé species in the U.S. by 2090 (Figure 5).
Habitat for the two most common montane specidsabafir and red spruce, declined to only a
few high altitude locations along the Appalachiaauvitains in the U.S. by 2090. These include
locations in the White Mountains of New Hampshaed the Longfellow Mountains and
Katahdin Mountains of Maine. Within the Acadian Reqg further suitable habitat for balsam fir
and red spruce was maintained in the northern aastal highlands of New Brunswick, as well
as Cape Breton Island. All suitable habitat forteland black spruce was extirpated from the
Acadian Region by 2090. At this time, hotspotsdoitable habitat for all four species appear
outside the Acadian Region in Québec along thé&trence River Valley and the Gulf of St.
Lawrence, including the Gaspé Peninsula and Antitsgland, and in interior and northern
Newfoundland along the northern most reaches oAgigalachian Mountain chain.

The inclusion of the historical tree data made ificant differences in the predictions of future
suitable habitat for all four species considerethia analysis (Figure 5). The predicted habitat
for balsam fir, black spruce, and red spruce aleghadditional habitat in 2090 in the U.S.,
primarily in northern and central Maine, as welklas Adirondacks and the eastern border of
Vermont. Predicted suitable habitat for red sprexganded the most in each time period,
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Figure 4. Future predicted presence or absence of domiremspecies constituting spruce-fir
forests. Predictions generated in 2030, 20602890 under the ENSEMBLE RCP6 climate
scenario with (red) and without (green) historigata. From Andrews (2015).
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followed by black spruce, while white spruce gaitieel least with the addition of the historical
observations.

Evaluating long-term trends in spruce-fir bird species and rel ationships between realized
climate niche breadth and distribution between 1980 and 2012 (Objectives 4 and 5)

Population trend estimates for spruce-fir bird sggegaried considerably across surveys within
each species with the mean range in trend 0.1.nS&vbe focal species (50%) demonstrated
overall significant declines as determined by weadmeans of all program-specific trends and
bootstrap estimated 90% confidence intervals (&ided Flycatcher, Yellow-bellied
Flycatcher, Gray Jay, Bicknell’'s Thrush, Magnoliaibler, Blackpoll Warbler, and Evening
Grosbeak), five significantly increased (Red-breddtiuthatch, Golden-crowned Kinglet, Ruby-
crowned Kinglet, Swainson’s Thrush, and Palm Wajbbnd two exhibited no overall change
(Boreal Chickadee and Cape May Warbler, Figur€8).squared tests indicated significant
differences in trends of obligate and associatacspfir speciesyf = 7.00, df = 2P = 0.030)

with greater declines in obligates. A larger prajor of obligates showed overall declines
(66.7%) compared with associates (37.5%), and tigaib species showed a significant overall
increase, while 62.5% of associate species sigmifig increased, including Swainson’s Thrush.
There was no significant difference in the proportof migratory and non-migratory species
showing overall declineg{ = 0.63, df = 2P = 0.730).

Regional trends were significantly different betwdlee Midwestern and Eastern regions for one
obligate (Gray Jay), and four associate specietl@aeCrowned Kinglet, Swainson’s Thrush,
Red-breasted Nuthatch, and Evening Grosbeak). Th#ee=nces may reflect local and regional
variation in environmental stressors, land useohystmanagement practices, and effects of
climate change. Our future work linking habitatdets that address these stressors with bird
population models may help identify the mechanismderlying population trends and the best
management practices for this avian assemblagelaBynour analyses of changes in both
realized climate niche breadth and distributiorigated these changes were significantly and
positively associated with breading bird survey 88Brend in abundance. Using variance
partitioning, we estimated that 40.6% of the vasrain change in niche breadth was explained
by population trend, and that 20.0% of this is peledent of the influence of changes in
distribution. This understanding of how trends iirtpopulations influence realized climate
niche breadth is critical to understanding dynaspiecies distributions, responses to climate
change, and our ability to model future speciestrdbutions in future phases of this work.

Conclusions and Recommendations:

This project has developed a powerful framework @@tivork of collaborators for long-term
examinations of the impacts of climate change dhdrcstressors on spruce-fir ecosystems in the
northeastern United States and Great Lakes rediwven the complexity of this forest type and
bird populations across this broad geographic regi@ were unable to achieve all of the
original, six project objectives we ambitiously posed for a two-year project. Nonetheless, this
project has developed several science produchkeiform of peer-reviewed manuscripts on
spruce-fir forest and bird species dynamics, l@rgitvegetation and bird count databases, and
fine-resolution maps of current forest conditiomattare currently being applied to advance the
conservation of these habitats and future resesffolts. The remaining objectives that were
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Figure 6. Trend estimates for each species and surveysavattmple size greater than 100 and
greater than 50 detections from Ralston et al. 32rror bars around Midwest and East
surveys represent bootstrap estimated 90% confdietervals. Error bars around regional and
overall mean trends are divided to display botlesgnt bootstrap estimated 90% confidence
intervals (left) and propagated uncertainty fromvey-level trends (right). Closed black boxes
represent significant trends (90% CI do not ovevi@h 1.0), and open boxes are non-
significantly different from 1.0. Gray boxes repas mean trends with 90% CI that do not
overlap with 1.0, but that are considered non-§icgmt according to propagated error. Asterisks
indicate spruce-fir obligate species. Surveys alraxis are ordered roughly west to east.
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not fully accomplished during the duration of thi®ject are currently being pursued as part of
complementary, ongoing projects and are the logieat steps for finalizing maps of spruce-fir
refugia for the study region. In addition, thisnwtas been leveraged into additional funding to
collect bird population data from montane regiohslew England through the Northeastern
States Research Cooperative and has resultedaddaroollaborations with other wildlife
biologists (Dr. Toni Lyn Morelli) to investigateehdrivers of spruce-fir wildlife population
dynamics over the past several decades. The caityple forest and bird species dynamics
documented by this work highlights the importantéuture research that accounts for both fine-
scale patterns in forest and bird species behawvidithat integrates historical data to fully
account for the fundamental climate niche for speciow greatly reduced due to past land use.
Moreover, future work investigating the effectivesef different adaptive management
approaches at sustaining spruce-fir habitats aswceaged species is an important direction are
research team is taking with this work.

The findings of this work has significantly advadseientific knowledge regarding the
dynamics of montane spruce-fir ecosystems resultirrgrecent paper iGlobal Change Biology

on the topic (Foster and D’Amato 2015). This whds been integrated into vulnerability
assessments for the northeastern United Stateg leeiby the Northern Institute of Applied
Climate Science and is also being used by managettse Green Mountain National Forest to
assist in prioritization of areas to restore sptficeystems. Similarly, this project has genedate
the most data-rich and detailed examination ofrag@uce-fir population trends to date for a
large portion of the eastern and Midwestern regaifriee United States resulting in a recent
publication inBiological Conservation (Ralston et al. 2015). This work was able to aomfand
extend species-specific conservation concern withenspruce-fir forest community and identify
bird species for which additional attention maynleeded. Finally, the maps of future
distributions of dominant tree species in sprucdefiests are the first climate envelope models
to integrate historical data to elucidate habitiaéd have been excised by anthropogenic
disturbance. These maps indicate that sprucg@4iciss’ habitats are predicted to persist further
south in their range under climate change and baee used to inform the abovementioned
vulnerability assessments. In addition, these nhagidight the importance of fine-scale
projections of future habitat suitability in detiecf intra-regional variation in climate response to
inform management. Although coarse-scale appreacieh as Tree Atlas, are more readily
available and useful for evaluating regional trenksy are not able to detect potential refugia
for many of the vulnerable species this projectusatad.

Outreach and Products

Results from this project were shared on numerguasions with cooperating management
organizations (e.g., Green and White Mountain Netid-orests) and the broader resource
management community through scientific presentatat professional meetings, practitioner
workshops, and webinars. Products that emerged thi@mesearch include:

Articlesin preparation, under review, accepted, or published in peer reviewed journals and

other non-peer reviewed journals

Foster, J. R., and A. W. D'Amato. 2015. Montaneg$becotones moved downslope in
northeastern USA in spite of warming between 198#2011. Global Change Biology 21:4497-
4507.
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Ralston, J., D.I. King, W.V. DeLuca, G.J. Niemi,MGlennon, J.C. Scarl, and J.D. Lambert.
2015. Combining local-scale survey data to estirtrateds in abundance at multiple spatial
scales for a threatened community of birds. BiaabConservation 187: 270-278.

Ralston, J., W.V. DelLuca, R. Feldman, D.l. Kihgreview. Realized climate niche breadth
varies with population trend and changes in digtrdn in North American birds. Global
Ecology and Biogeography.

Ralston, J., W.V. DelLuca, R. Feldman, D.I. Kihgprep. Population trends determine ability of
North American birds to track climate change. Rtaaubmit to Global Change Biology in early
2016.

Project-related conference presentations

King, D.I. 2014. Climate change effects on wildlifClimate Change and Southern New
England Forests (Workshop/Training), Northern st of Applied Climate Science, Amherst,
MA. September 23.

D’Amato, A.W. 2014. Developing forest adaptat&irategies for northern forests in an
uncertain future. Northeast Climate Science CaMebinar Series. October 1.

Foster, J. R., and A. W. D'Amato. 2014. Modelinigets of climate change on spruce-fir forest
ecosystems: Changes in the montane ecotone bebmeeal and temperate forests in the Green
Mountains, U.S.A, from forest edge detection indsat TM imagery,1989 to 2011. American
Geophysical Union Fall Meeting, San Francisco, DAcember 15-19.

Simons-Legaard, E., K. Legaard, A. Weiskittel, @deews, and A.W. D'Amato. 2015. Future
distribution and productivity of spruce-fir forestader climate change in Maine: implications
for forest management practices. Maine Sustairglaitid Water Conference, Orono, ME.
March 31.

D'Amato, A.W. 2015. Something old, something neWwiaultural strategies for addressing
climate change. Invited talk at the New Englandi&y of American Foresters Annual Meeting,
Farlee, VT. March 26th.

D'Amato, A.W. 2015. Current and future forest Ihatsiin New England. Moose, Boreal Forest,
and Climate Change Workshop. Wildlife Conservatatiety, Westborough, MN. February 4.

Foster, J.R., AW. D'Amato, and J.B. Bradford. 208imulation of insect impacts on forest
dynamics: Landsat defoliation maps predict growdblides in tree ring data. International
Association for Landscape Ecology World CongreRsrtland, OR. July 9.
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Communications with decision-makers

This work involved close cooperation with the Gré&éountain and White Mountain National
Forests to obtain long-term forest vegetation ffat@ these respective National Forests. To this
end, we met with staff on the Green Mountain Natldforest (Diane Burbank, Jeff Tilley, and
Jay Klink) on July 31, 2014 and White Mountain Idaal Forest staff (Jeff Williams, Lesley
Rowse, Jessie Dubuque, Gail Wigler, Reggie Gillzert, Ashton Hargrave) on November 12,
2014 to discuss their information needs from thggert. Additional discussion of the project
with White Mountain National Forest staff (Rogery®o and Leighlan Prout) occurred on
August 18, 2015. To assist our cooperators witlection of long-term vegetation data, we
hired a seasonal biological technician, Kaylee dlglsvho assisted National Park Service Great
Lakes Network Office staff (Suzanne Sanders) itectihg data from long-term monitoring
plots at Grand Portage National Monument (SumméadRd-inally, we continue to coordinate
our work with the Wildlife Conservation Society,maly Dr. Erika Rowland, and the National
Climate Change and Wildlife Science Center to gaieemodel projections that can be used to
assist in scenario planning related to moose cwasen in northeastern North America under
climate change. Findings from our work were présgiiat a meeting associated with this effort
and used to assist with scenario planning for &itnpose habitat in New England and portions
of New York. In addition, findings from this workere used to help inform vulnerability
assessments for spruce-fir ecosystems as pare dfetv England Climate Change Response
Framework being led by the Northern Institute oppgd Climate Science (December 2 and 3,
2015).

Other products

Andrews, C. 2015. Modeling and forecasting th&ugrice of current and future climate on
eastern North American spruce-fir (Picea-Abiesgéts. Master's Thesis, University of Maine,
Orono. 180 pp.

Long-term forest vegetation database for sprucifests in the Northeastern US. (see
Appendix A).

Long-term bird monitoring database for sprucediekts in the Northeastern US. (see Appendix
B).

References

Andrews, C. 2015. Modeling and forecasting th&ugrice of current and future climate on
eastern North American spruce-fir (Picea-Abiesgéts. Master's Thesis, University of Maine,
Orono. 180 pp.

Brenning, A., 2008. Statistical geocomputing conmmrR and SAGA: The example of landslide
susceptibility analysis with generalized additiveduls, in: Boehner, J. Blaschke, T.
Montanarella, L. (Ed.), SAGA - Seconds Out (Hamleuf8eitraege Zur Physischen Geographie
Und Landschaftsoekologie, Vol. 19). pp. 23-32.

Buckland, S.T., Anderson, D.R., Burnham, K.P., lmakL., Borchers, D.L., Thomas, L.,

18



2001. Introduction to Distance Sampling: Estimatidmundance of Biological
Populations. Oxford University Press, Oxford, Udit&ngdom.

Coghill, C., 2000. Vegetation of the presettlenfen¢sts of northern New England and New
York. Rhodora 102, 250-276.

Dijak, W. 2013. Landscape Builder: software for theation of initial landscapes for LANDIS
from FIA data. Computational Ecology and Softw&el7-25.

Farnsworth, G.L., Pollock, K.H., Nichols, J.D., $ins, T.R., Hines, J.E., Sauer, J.R., 2002.
A removal model for estimating detection probaigitfrom point-count
surveys. Auk 119, 414-425.

Foster, J.R. and P.A. Townsend. 2004. Linking hypectral imagery and forest inventories for
forest assessment in the central AppalachianseBdiegs, 14th Central Hardwoods Forest
Conference 2004 March 16-19; Wooster, OH. GenhTRep. NE-316. Newtown Square, PA:
U.S. Department of Agriculture. Forest ServiceortNeastern Research Station.

Foster, J. R., and A. W. D'Amato. 2015. Montaneg$becotones moved downslope in
northeastern USA in spite of warming between 198#2011. Global Change Biology 21:4497-
4507.

Geissler, P.H., Sauer, J.R., 1990. Topics in roegeession analysis. In: Sauer, J.R.,
Droege, S. (Eds.), Survey designs and statistiedhaas for the estimation of

avian population trends. U.S. Fish and Wildlife\v&ee. Biological Reports, vol.

90, pp. 54-57.

Hijmans, R.J., 2014. Raster: Geographic data aisadysl modeling. R package version 2.2-12.

King, D.I., Rappole, J.H., Buonaccorsi, J.P., 2QG#hg-term population trends of
forest-dwelling Nearctic—Neotropical migrant birdsguestion of temporal
scale. Bird Popul. 7, 1-9.

King, D.l., Lambert, J.D., Buonacorsi, J.P., Prau§., 2008. Avian population trends in
the vulnerable montane forests of the Northern Agutaans, USA. Biodivers.
Conserv. 17, 2691-2700.

Liaw, A., Wiener, M., 2002. Classification and regsion by randomForest. R News 2/3, 18-22.
Joyce, D.G., Rehfeldt, G.E., 2013. Climatic niobeglogical genetics, and impact of climate
change on eastern white pine (Pinus strobus L.)d&lnes for land managers. For. Ecol.
Manage. 295, 173-192.

Ralston, J., D.I. King, W.V. DelLuca, G.J. Niemi,MGlennon, J.C. Scarl, and J.D. Lambert.

2015. Combining local-scale survey data to estirtrateds in abundance at multiple spatial
scales for a threatened community of birds. BiaabgConservation 187: 270-278.

19



Rehfeldt, G., 2006. A spline model of climate floe tvestern United States. USDA Forest
Service, Rocky Mountain Research Station, Genezahifical Report RMRD-GTR-165.

Solymos, P., Matsuoka, S.M., Bayne, E.M., Lele,.SH&ntaine, P., Cumming, S.G.,
Stralberg, D., Scmiegelow, F.K.A., Song, S.J., 20&librating indices of avian
density from non-standardized survey data, makiegnost of a messy

situation. Method Ecol. Evol. 4, 1047-1058.

Soélymos, P., Moreno, M., Lele, S.R., 2013b. Detantlyzing wildlife data with
detection error. R package Version 0.3-1.

Stocker, T.F., Qin, D., Plattner, G., Alexandel I . Allen, S.K., Bindoff, N.L., Breon, F.-M.,
Church, J.A., Cubasch, U., Emori, S., ForsterFRedlingstein, P., Gillett, N., Greogry, J.M.,
Hartmann, D.L., Jansen, E., Kirtman, B., Knutti, Riishna Kumar, K., Lemke, P., Marotzke,
J., Masson-Delmotte, V., Meehl, G.A., Mokhov, IRiao, S., Ramaswamy, V., Randall, D.,
Rhein, M., Rojas, M., Sabine, C., Shindell, D.,l&glL.D., Vaughan, D.G., Xie, S.-P., 2013.
2013: Technical Summary, in: Stocker, T.F., Qin,Pattner, G., Tignor, M., Allen, S.,
Boschung, J., Nauels, A., Xia, Y., Bex, V., MidglBtM. (Eds.), Climate Change 2013: The
Physical Science Basis. Contribution of Working @ra to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cameéridigversity Press, Cambridge, United
Kingdom and New York, NY, USA.

Wolter, P.T., Mladenoff, D.J., Host, G.E., and T@Row. 1995. Improved forest classification in
the Northern lake states using multi-temporal Lahdwagery. Photogrammetric Engineering &
Remote Sensing, 61, 1129-1143.

Wolter, P.T., and P.A. Townsend. 2011. Multi-sergata fusion for estimating forest species
composition and abundance in northern Minnesotend®e Sensing of Environment, 115, 671-
691.

Young, J., Fleming, G., Townsend, P.A., and J.Rt&02006. Vegetation of Shenendoah

National Park in Relation to Environmental Gradgeiinal Report (v1.1). USGS-NPS
Vegetation Mapping Program, US Department of lotelational Park Service.

20



APPENDICES

21



Table A.1. Long-term forest vegetation datasets uddor developing climate envelope models and map$ spruce-fir forest

conditions.
% of Plots
Geographic Number of | Number of E— Measurement Plot Size with
So Ow Interval
s — Region Observations Plots (years) Period (ha)/Prism* | Spruce or
Fir
Forest Inventory and : ; "
= US Forest Service Eastern US 6,833,159 154 838 Varies 1568-2010 0.07 0.50%
Analysis (FIA)
Québec PSP Québec Ministry of S°“t,:°'" 1,583,176 39,436 5 1970-2013 0.04 84.5
Naturzal Resources Quebec
Nova Scotia
Nova Scotia PSP SR Nova Scotia 494,108 3,082 5 1965-2006 0.04 94.7
Natural Resources
Forestry Division
New Brunswick o
New Brunswick PSP Department of —— 453 104 2,387 5 1585-2005 541
Natural Resources. 0.04°
o ' ini Southeast
Québec Research psp | Quebec Ministry of T 3,069 Sto11l 1970-2008 | 0.32-0.40 88.7
Natural Resources Quebec 321,855
Newf: |
Newfoundland PSP | °"S"e‘:v"’i:: Forest | mewfoundiand | 321,550 1,291 dors 1985-2008 0.04* 100
Penobscot | USForestService | Central Maine | 169,118 562 Varies 1974-2008 Varies 98.2
Experimental Forest
CEI— | S | 78 lor2 2000-2007 0.08 100
Research Network Research Unit 80,035
. . i Northern
Brann GIS University of Maine Maine 64,570 365 | 1975-1985 0.04 100
2 y . " 0.01or
AFERP University of Maine Central Maine 180 5 1955-2007 98.9
31,850 0.05
Prince Edward Island
Prince Edward Island DePanment of Prince Edward 26,782 g91 ) 1999 - 3 ) 913
Psp Agriculture and Island

Forestry
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Table Al. (cont)

Bem % of Plots
Geographic Number of | Number of i Measurement Plot Size with
Source Owner s . Interval i )
Region Observations Plots P Period (ha)/Prism* | Spruce or
Fir
N New Hampshire
i Division of Parks and | SoUthemNew | - 0118 65 10 1955-2011 0.08 333
Research Forest Hampshire
Lands
WA A VPR | 17,065 76 1 1992-2013 0.06 63.2
Health Monitoring Cooperative
Northeast Temperate | . tional Park Service | 'Orheaster | 44537 324 a 2006-2013 ey 307
Network us 0.04
) CooprstiomFamstey | oottt | 30257 207 . 1999 0.02 100
Austin Pond Research Unit
High
in Bi f | i i AF
Mountain Birdwatch Vermont Cer.\ter or elevations in 5,797 2,008 1 2010-2011 10 .B 99.4
Program Ecostudies New England prism
and New York
Big Reed Forest . . . . 0.15or
University of Maine Central Maine 3,102 37 - 2000-2001 97.3
Reserve 0.25
New Hampshire New Hampshire -
Forest Health Division of Parks and . 2,939 16 1 2003-2013 0.06 100
e s Hampshire
Monitoring Lands
High
High Elevation Bird University of elevations in
7 X X 47
Habitat Massachusetts New England s 5 1 s " "
and New York
) Database maintained New England
Witness Tree Data by Charles Cogbill R 1,342 778 - 1623-1859 NA 72.6
McCormack Thinning | Cooperative Forgstw Nortflern 91 14 NA 1978-1994 1 100
Study Research Unit Maine
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Table Al. (cont)

- % of Plots
Geographic Number of | Number of e Measurement Plot Size with
Source Owner i i Interval & i
Region Obzervations Plots Period (ha)/Prism* | Spruce or
(years)
Fir
Massachusetts
X X Department of Central
Quabbin Reservoir CFl : 456 5 S5orl0 1560-2010 0.08 80
Conservation and Massachusetts
Recreation
New Hampshire Southern 20 BAF
HoneyBrook Division of Parks and NNew 38 5 - 2013 : 100
. prism
Lands Hampshire

* Majority or most frequent plot sizes reported

Y Sampling design for FIA implemented in 1998. Prior to this data sampling designs varied by region and were taken into account in analyses.

© Plot size varied by tree density. 80% of plots were 0.04 ha in size. The remaining 29% varied from 0.0008 to 0.02 ha in size (NB)

4 Plot size varied by tree density. 34% of plots were 0.04 ha in size. The remaining 66% varied from 0.1 to 1 ha in size

* Data from numerous studies within the Penobscot Experimental Forest were used including a continuous forest inventory (CFl), a long term pre-commercial

thinning study (PCT), and the research of Dr. Mike Saunders.

' 0.02 ha plots at Acadia National Park. 0.04 at all other National Parks in the Network.
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APPENDIX B

Table B1. Survey protocol for bird monitoring programs ugethis project. Programs with at least two timiimals were used
removal models and those with at least two distamegvals were used in distance analyses. Progvathgyreater than five years of

data were used in trend analyses.

Years of # of survey
Monitoring program Sate/ Province Abbrev. Overseeing organization survey points
Chippewa National Forest MN CHIP U.S. Forest Servic 1991-2013 420
Voyageurs National Park MN - National Parks Seavic 2010-2013 80
Superior National Forest MN SUPR  U.S. Forest Servic 1991-2013 600
St. Croix State Forest MN STCR  U.S. Forest Service 1992-2003 203
Chequamegon National Forest Wi CHEQ U.S. ForestiGer 1992-2010 407
Isle Royale Ml ISRO National Park Service 2006-2013 130
Nicolet National Forest Wi NNF U.S. Forest Service 1989-2012 317
Ottawa National Forest Ml OTTA U.S. Forest Service 1991-2013 104
Pictured Rocks National Lakeshore Ml -- NationalkBe5ervice 2011-2013 52
Wildlife Conservation
Adirondack Low Elevation Boreal Bird Surveys NY WCS Society 2003-2013 440
Vermont Center for
Mountain Birdwatch 1.0 NY, VT, NH, ME MBW Ecostudies 2003-2010 893
Mountain Birdwatch 2.0 NY, VT, NH, ME, QU, Vermont Center for 2010-2013 1869
NB, NS - Ecostudies
DeLuca (2013) NH -- University of Massachusetts Q007 103
White Mountain National
White Mountains Perma Plot Surveys NH WMPForest 1992-2012 360
White Mountain National
White Mountains High Elevation Bird Surveys NH WMNH-orest 1993-2013 905
Northeast Temperate Network, Acadia National
Park ME -- National Park Service 2007-2013 51
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APPENDIX C

Soils and climate for simulating the future distribution of spruce-fir forests — data sources
and analyses

Identification of potential refugia for this locgliare forest type requires that input data have
adequate spatial resolution to capture variatian ihhimportant to spruce-fir persistence in the
landscape. For this reason, we are using the PRji8Med climate dataset to characterize
current and historical climate (monthly data @ &.&second or ~ 4 km resolution), and the
NASA Earth Exchange (NEX) Downscaled Climate Priges (NEX-DCP30) dataset for the
coterminous U.S. for our climate change projectigfigure C1). NEX data include CMIP-5
projections statistically downscaled at 30 arc-sdoor ~ 800 m resolution. Capturing the
variation in temperature that results from theiealiapse rate in mountainous terrain is critical
for our purposes, as cooler mountain peaks areepoesented at coarser spatial resolutions. We
are running simulations using projections from fiw€Ms under RCP 4.5 and RCP 8.5 to
capture a range of future climate scenarios.
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Figure C1. Comparison of gridded climate data ftbnee different sources at three different
spatial resolutions. Maximum July temperature spldiyed at ~ 1 km resolution in the
downscaled NEX data from the CCSM4 model (a), max temperature over the GMNF study
area only is shown for the PRISM historical climdéta at ~ 4 km resolution (b), and max July
temperature is shown for the study area from doaledcCMIP5 data at ~ 8 km resolution for
the HADGEM2 GCM (Maurer dataset). Fine-scale varatn temperatures is evident at each
resolution, but fine-scale patterns are lost asluéien gets coarser.
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The spatial distribution of soils with differentilsproperties is the other major driver of the
variation in growth and establishment rates amoeg $pecies. We downloaded SSURGO soils
data for all the counties in Vermont and two coemin Massachusetts that overlapped with the
GMNF buffer area. SSURGO soils data contain thetmetiled and up to date spatial
information on soil properties from the US soilvay. We felt it was important to capture soil
variation at the finest spatial resolution possiblet SSURGO data present some unique
challenges to landscape-level analyses. The maihedge is that when soil characteristics are
summarized throughout the soil horizons and aquoBgjons of the same type, discontinuities
across counties become very apparent and can ¢a¢sgatterns in landscape model inputs
and results. These county-level discontinuitiesdorepresent actual differences in soils but
rather reflect differences among methodologies bsedifferent soil scientists and
administrative units. While this is not a simplelplem to correct, we developed an approach to
effectively normalize summarized soils variablesas counties through a combination of
guantile analysis and isodata classification. Tiekresult was a classification of 31 soil
ecoregions that were clustered based on similaiiisoils and topographic position including
sand, silt, clay, organic matter, available watétimg capacity, field capacity (3rd bar), wilting
point (15bar), ph, depth to bedrock, elevation sloge (Figures C2 and C3).
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Figure C2. Standardized class means across 11 siiomsfor 31 soil ecoregions derived from
SSURGO soils data (summarized by MUKEY down to B0depth) and NED DEM data. We
can see that soils class 17 is a high-elevatiagsahath high organic matter content, but shallow
soil depth, while class 2 occurs at low elevatiand has high clay content.
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Figure C3. Raw SSURGO soils data covering the iGkeuntains, VT (left), summarized by
MUKEY and corrected SSURGO data that has been ri@@dao correct for discontinuities
across county borders (right). Map shows a redrgbdee (RGB) display of elevation (red),
percent sand (green), and ph (blue). Yellow to gearolors show sandy, high-elevation soils
that are more acidic while blues are lower elevatiess sandy, basic soils.
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